We consider two Higgs doublet models with a softly broken U(1) symmetry, for various limiting values of the scalar mixing angles α and β . These correspond to the Standard Model Higgs particle being the lighter CP-even scalar (alignment) or the heavier CP-even scalar (reverse alignment), and also the limit in which some of the Yukawa couplings of this particle are of the opposite sign from the vector boson couplings (wrong sign). In these limits we impose a criterion for naturalness by demanding that quadratic divergences cancel at one loop. We plot the allowed masses of the remaining physical scalars based on naturalness, stability, perturbative unitarity and constraints coming from the ρ parameter. We also calculate the h → γγ decay rate in the wrong sign limit.
I. INTRODUCTION
The discovery of a new boson in July 2012 by the ATLAS [1] and CMS Collaborations [2] at the Large Hadron Collider (LHC) is a landmark in the history of Particle Physics. This scalar is most likely the Higgs boson which is the last missing block in the Standard Model (SM). Although it answers most of the questions concerning fundamental particles, the SM has a few shortcomings, thus encouraging a search for theories beyond the Standard Model.
Among the inadequacies are the lack of clear answers on the questions of the origins of neutrino mass and dark matter. It also cannot provide the observed matter-antimatter asymmetry of the universe.
One of the simplest ways to go beyond the SM is by extending the scalar sector. This of course affects the ρ parameter, whose deviation from the tree level value of unity is a measure of new physics. The general expression for the tree level ρ parameter for an SU(2)×U (1) gauge theory with N scalar multiplets is [3] ρ ≡ m
where T i and Y i denote the weak isospin and hypercharge of the i th scalar multiplet respectively, and v i is the vacuum expectation value (vev) of the neutral component of that multiplet. If the scalar sector contains only SU(2) singlets with Y = 0 and doublets with Y = ±1 , then ρ = 1 is automatically satisfied without requiring any fine tuning among the vevs. This conforms with the experimental value of ρ, which is very close to unity [4] .
We therefore confine our discussions to the doublet extensions, specifically the two Higgsdoublet models (2HDMs) [5] , which have received a lot of attention mainly because the Type II 2HDM arises as part of minimal supersymmetry.
In this paper we consider the restrictions imposed on the scalar masses by a criterion of naturalness, embodied in the Veltman conditions, in various limits of 2HDMs of all types.
The alignment limit and the reverse alignment limit are two scenarios in which the lighter and the heavier CP-even neutral scalar, respectively, correspond to the observed Higgs particle.
We also consider the cases where these occur in conjunction with the wrong sign limit, in which the Yukawa coupling of at least one type of fermion is of the opposite sign as the vector coupling.
Using the naturalness conditions we analyze the parameter space of masses of scalars in 2HDMs of different types. The parameter space is further restricted by constraints arising from the ρ-parameter, global stability of the scalar potential, and requirement of perturbative unitarity. Section II gives a brief review of 2HDM. Sections III and IV deal with various limits of two Higgs doublet models and their permutations. In section V we calculate the Higgs-diphoton decay width for one of the scenarios and section VI concludes with a discussion of the results.
Let us now turn our attention to the fermion couplings. The scalar doublets couple to the fermions in the theory via the Yukawa Lagrangian
Here l L , Q L are 3-vectors of isodoublets in the space of generations, e R , u R , d R are 3-vectors of singlets, G 1 e etc. are complex 3 × 3 matrices in generation space containing the Yukawa coupling constants, andΦ i = iτ 2 Φ * i . When the fermions are in mass eigenstates, the Yukawa matrices are automatically diagonal if there is only one Higgs doublet as in the Standard Model. But in the presence of a second scalar doublet, the two Yukawa matrices will not be simultaneously diagonalizable in general. Thus the Yukawa couplings will not be flavor diagonal, and neutral Higgs scalars will mediate FCNCs [11] [12] [13] . The necessary and sufficient condition for the absence of FCNCs at tree level is that all fermions of a given charge and helicity transform according to the same irreducible representation of SU(2), corresponding to the same eigenvalue of T 3 , and that a basis exists in which they receive their contributions in the mass matrix from a single source [14, 15] .
For the fermions of the Standard Model, this theorem implies that all right-handed singlets of a given charge must couple to the same Higgs doublet. This can be ensured by using the global U(1) symmetry mentioned earlier, which generalizes a Z 2 symmetry more commonly employed for this purpose. The left handed fermion doublets remain unchanged
The transformations of right handed fermion singlets determine the type of 2HDM. There are four such possibilities, which may be identified by the right-handed fields which transform under the U(1): type I (none), type II
The scalar masses get quadratically divergent contributions which require very large finetuning of parameters. We will impose a criterion of naturalness on the scalar masses, viz., the cancellation of these quadratic divergences. This gives rise to four mass relations, which we may call the Veltman conditions for the 2HDMs being considered [16] ,
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and another one which is the complex conjugate of the third equation. Here g, g are the SU (2) and U (1) Y coupling constants, respectively.
The fermion mass matrix is diagonalized by independent unitary transformations on the left and right-handed fermion fields. In any of the 2HDMs, the U(1) symmetry implies that either G 1f or G 2f must vanish for each fermion type f . For example, in the Type II model Φ 1 couples to down-type quarks and charged leptons, while Φ 2 couples to up-type quarks, (16) is automatically satisfied in each 2HDM, and the relevant mass relations come from the first two equations above. The non-vanishing Yukawa matrices are related to the fermion masses by
where f stands for charged leptons, up-type quarks, or down-type quarks, and the sum is taken over generations. These and the scalar mass relations of Eqs. (8) - (12) allow us to write the Veltman conditions in terms of the physical masses of particles.
There are some additional conditions on the parameters which further constrain the scalar masses. One is the pertubativity condition, which puts a constraint on the quartic coupling constants, λ i ≤ 4π [17] . Another set comes from the condition that the potential is bounded from below. This was examined for more general potentials in 2HDM under U(1) symmetry in [18, 19] , and for the potential given in Eq. (2) these conditions become
parameter is known to be [22, 23] 
where F (x, y) is a function of two non-negative arguments x and y , symmetrical under the exchange of the arguments and vanishes only if x = y. The function has the property that it grows linearly with max(x, y), i.e., quadratically with the heaviest scalar mass when that mass becomes very large. The current experimental bound on the total new physics contribution to ρ is given by δρ = −0.00011 [4] .
III. LIMITS OF 2HDMS
In order to relate a 2HDM to the Higgs sector of the Standard Model, we need to identify some combination of the neutral scalar particles in the theory as the observed Higgs particle.
This can be done in several ways, by considering different combinations of the angles α and β . Is this section we will consider the different limits for which part of the 2HDM matches the Standard Model, and calculate the allowed range of masses for the additional scalars.
A crucial parameter of the 2HDMs is tan β . Its value is larger than one, based on constraints coming from Z → bb and B qBq mixing [24] . A large tan β is suggested by muon g − 2 in lepton specific 2HDM [25] , by using b → sγ in type I and flipped models [26] , which also suppresses the t → bH + branching ratio to a rough agreement with 95% CL limits from the light charged Higgs searches at the LHC [27, 28] . We will assume that tan β is large, and certainly larger than unity, specific values will be considered for the plots as needed.
A. Alignment Limit
If we rotated the neutral (h 1 , h 2 ) doublet by the angle β,
we would find that H 0 has exactly the Standard Model Higgs couplings with the fermions and gauge bosons [11, 18] . The physical scalar h is related to H 0 and R via
Thus in order for h to be the Higgs boson of the Standard Model, we require sin(β − α) ≈ 1 , which has been called the SM-like or alignment limit [21] .
There remain three unknown mass parameters, namely m H , m ξ and m A , which span the parameter space. By fixing tan β at some specific value, we can use the Veltman conditions to plot the accessible region of the m H − m ξ plane corresponding to the allowed range of values for m A . On the other hand, constraints from perturbative unitarity and the oblique correction T also restrict the accessible region on this plane. The intersection of all these regions provides the allowed ranges for m H and m ξ .
The mass ranges were studied for the alignment limit in [29] , where it was found that if
we set m h = 125 GeV, and allowed m A to run over its entire range of 0 < m A 617 GeV as determined by the condition of perturbativity, the two unknown masses m H and m ξ became restricted to ranges of 550 GeV m ξ 700 GeV, 450 GeV m H 620 GeV. The value of tan β used in these calculations was tan β = 5 , and it was also found that a higher value of tan β pushed the ranges to higher values and also made them narrower. These mass ranges are in agreement with bounds found by analysing experimental data [30] .
B. Reverse Alignment Limit
Let us rearrange the equations described in the previous section. Using Eqs. (7) and (32) we obtain H in terms of H 0 and R ,
Had H been the SM-like Higgs boson, it would have to resemble the properties of H 0 , and for that β would have to approximately equal α or π + α. The ultimate results with β ≈ α and β ≈ π + α are identical, so in what follows we will work with β ≈ α and call it the Reverse Alignment Limit.
Eqs. (8) (9) (10) (11) (12) become, in the reverse alignment limit,
Let us write the Veltman conditions defined in Eqs. (14) and (15) using the above equations.
We will write the equations explicitly for one case, that of the Type II 2HDM, for which the two Veltman conditions read, in the reverse alignment limit,
We 
These are analogous to similar inequalities found in [29] in the alignment limit.
For tan β = 5 , the plots for all four types of 2HDM are shown in Fig. 1 . The gray region covers the points which satisfy the inequalities (42) and (43) in addition to the constraints from δρ, the first Veltman condition provides the curves (ellipses) which cross this region, and the second Veltman condition provides the nearly flat hyperbolas above the gray region.
As we can see from the plots in Fig. 1 , there is no region on the m h − m ξ plane where all the constraints are obeyed. In other words, if we insist on naturalness, as embodied by the Veltman conditions, the reverse alignment limit is not a valid limit for any of the 2HDMs, i.e. the observed Higgs particle cannot be the heavier CP-even neutral scalar in any of the 2HDMs. It should be mentioned here that allowed mass ranges of scalars in both the alignment limit and the reverse alignment limit were studied in [31] . However, that paper considered an unbroken Z 2 symmetry, not a softly broken symmetry as we have considered. As a result the mass ranges of scalars, as well as the allowed range of tan β found in that paper, are different from the ones we have found.
IV. WRONG SIGN YUKAWA COUPLINGS
The wrong-sign Yukawa coupling regime [21, 32, 33] is defined as the region of 2HDM parameter space in which at least one of the couplings of the SM-like Higgs to up-type and down-type quarks is opposite in sign to the corresponding coupling of SM-like Higgs to vectors bosons. This is to be contrasted with the Standard Model, where the couplings of h SM tof f and vector bosons are of the same sign. The wrong sign limit needs to be considered in conjunction with either the alignment limit or the reverse alignment limit. We will now calculate the regions of parameter space when each of these two limits are combined with the wrong sign limit.
The CP-even neutral scalars couple to the up-type and down-type quarks in the various 2HDMs as shown in Table I , with the SM couplings of the quarks to the SM Higgs field normalized to unity. HDD : cos α cos β = cos(β + α) + sin(β + α) tan β ,
HŪ U : sin α sin β = − cos(β + α) + sin(β + α) cot β .
In the case when cos(β +α) = −1, the HDD coupling normalized to its SM value is equal to −1 , whereas the normalized HŪ U coupling is +1 . Thus in this case, when the reverse alignment limit is taken in conjunction with the wrong sign limit, we have α ≈ β ≈ well as the bounds coming from unitarity, stability and the ρ-parameter. In Fig. 2 only the first Veltman condition has been plotted, and it does not cross the grey region corresponding to the bounds. The other Veltman condition does not show up in this picture at all, it is not satisfied for any point in this plot.
On the other hand, in the case when cos(β + α) = 1, the HŪ U coupling normalized to its SM value is equal to −1, while the normalized HDD coupling is +1. In this limiting case, cos(β − α) = cos 2β, which implies that the wrong-sign HŪ U couplings can only be achieved for tan β < 1 for the type II and Flipped 2HDMs.
In the type-I and lepton specific 2HDMs, both the HDD and HŪ U couplings are given by Eq. (45). Thus, for cos(β + α) = 1, both the normalized HDD and HŪ U couplings are equal to −1, which is only possible if tan β < 1.
Since tan β > 1 , we see that the wrong-sign Yukawa coupling is incompatible with the reverse alignment limit in all of the four types of 2HDMs. hDD :
hŪ U : cos α sin β = sin(β + α) + cos(β + α) cot β .
In the case when sin(β + α) = 1, the hDD coupling normalized to its SM value is equal to −1 , while the normalized hŪ U coupling is +1 . Note that in this limiting case, sin(β − α) = − cos 2β, which implies that the wrong-sign hDD Yukawa coupling can only be achieved for values of tan β > 1.
Likewise, in the case of sin(β + α) = −1, the hŪ U coupling normalized to its SM value is equal to −1 , whereas the normalized hDD coupling is +1 . Then sin(β − α) = cos 2β, which implies that the wrong-sign hŪ U couplings can occur only if tan β < 1. In the type-I and lepton specific 2HDM, both the hDD and hŪ U couplings are given by Eq. (47). Thus for sin(β + α) = −1, both the normalized hDD and hŪ U couplings are equal to −1, which is only possible if tan β < 1. Thus realistically only the hDD coupling of the type-II and flipped 2HDM can be of the wrong sign, since tan β > 1.
Let us therefore consider a type II model with a wrong sign hDD coupling. The wrong sign limit approaches the alignment limit for tan β ≈ 17 as was displayed in [32, 33] for the allowed parameter space of the type II CP-conserving 2HDM, based on the 8 TeV run of the LHC. For this model, we will plot the values of the pair (m H , m ξ ) allowed by the naturalness conditions as well as the constraints imposed by perturbativity, stability, tree-level unitarity, and the ρ parameter. We will do this for four different values of tan β around the 'critical' value of 17. By choosing a small enough α we can ensure that for all these choices, both sin(β − α) ≈ 1 and sin(β + α) ≈ 1 , as needed for the alignment limit and the wrong sign coupling.
In Fig. 3 
V. MODIFICATION OF HIGGS-DIPHOTON DECAY WIDTH
The h → γγ decay channel is perhaps the most popular channel for Higgs and related searches. The decay width can be enhanced or reduced in the 2HDMs due to loop effects.
In the alignment limit, the couplings of the lighter CP even neutral scalar h to gauge bosons are identical to that for the SM Higgs. Then the tree level decay widths of h will be the same as for the SM Higgs. For loop induced decays, such as h → γγ and h → Zγ , the contribution of the W boson loop and the top loop diagrams are the same as in the SM. But there will have some additional contributions due to the virtual charged scalars ξ ± in the loop. Thus the decay widths will be different from the SM in general. Contributions from the fermion loops are the same in this case as for the SM.
On the other hand, suppose h has wrong sign Yukawa couplings to the down-type quarks.
Then the bottom quarks will contribute with a relative negative sign in the loops, and the h → γγ decay width will be different from the SM, as well as from 2HDMs in the usual alignment limit.
The Higgs-diphoton decay width is calculated using the formula [34] Γ
In this equation, N c is the number color multiplicity, Q f is the charge of the fermion f , G µ is the Fermi constant, and the reduced couplings g hf f and g hV V of the Higgs boson to fermions and W bosons are g htt = cos α sin β , g hbb = − sin α cos β and g hWW = sin(β − α) , while the trilinear λ hξ + ξ − couplings to charged Higgs bosons is given by
= λ hAA + 2c
where c W = cos θ W , with θ W being the Weinberg angle. The decay rate does not depend on the type of the 2HDM.
The amplitudes A i at lowest order for the spin-1, spin-
and spin-0 particle contributions are given by [7] A
in the case of the CP even Higgs boson h.
Here
and
Using the above definitions in the decay width formula given in Eq. (48), we arrive at a much simplified expression for the decay width,
where the + sign before A h b is for when the hbb Yukawa coupling has the same sign as the hV V coupling and the − sign is for the wrong sign of the Yukawa coupling, and κ is defined
The appearance of m A in Eq. (57) is merely an artefact of U(1) symmetry of the scalar potential. For a more general potential the expression for κ involves λ 5 [35] . In Fig. 4 we have plotted the h → γγ decay width in 2HDMs in the alignment limit, normalized with respect to the SM value, against the mass of the charged Higgs particle, and for different values of the mass of the CP-odd scalar. Fig. 4(a) shows the decay width for the case where the hqq Yukawa coupling has the same sign as the hV V coupling, whereas Fig. 4(b) is for the decay width corresponding to the case where the Yukawa coupling of h to the down-type quarks is of the opposite sign to the hV V coupling. We note that the first case has been plotted, albeit for smaller values of tan β and without the use of the Veltman conditions (thus for a much larger range of m ξ ), in [36] .
As we have seen in the previous section, simultaneously choosing the alignment limit and the wrong sign limit also sets tan β at a high value. The critical value tan β = 17 , and a small but non-zero value of α , namely α 0.035 , was chosen for both the plots. The 
VI. RESULTS AND CONCLUSION
In this paper we have looked at how a certain criterion of naturalness, namely the cancellation of quadratic divergences, affect the allowed ranges of masses of the additional scalars in 2HDMs in the alignment or SM-like limit with 'wrong sign' Yukawa couplings, and also in the reverse alignment limit. A similar calculation was done in [29] for the alignment limit without the 'wrong sign' assumption.
We found that reverse alignment, i.e. the scenario in which the heavier CP-even neutral scalar is the Standard Model Higgs particle, is clearly not a viable scenario for 2HDMs. Con-straints arising from naturalness, stability, perturbative unitarity and experimental bounds on the ρ-parameter completely rule out this scenario. The naturalness criterion is crucial for this conclusion -reverse alignment is an allowed scenario if quadratic divergences are taken care of by some mechanism of fine tuning, for example.
We have also considered a limit where the lighter CP-even neutral scalar corresponds to the SM-like Higgs but where the Yukawa couplings of this particle to D-type quarks are of the wrong sign relative to their gauge couplings. In this scenario we obtain mass ranges for the rest of the physical Higgs bosons for various benchmark values of tan β. In this paper
we have shown only the plot for Type II 2HDM, but the results are similar for the other 2HDMs with a small variation of a few GeV.
The Higgs-diphoton decay width in a 2HDM receives additional contributions from loops containing the charged scalar ξ ± , so the decay width in a 2HDM is different from the SM value. Further, in the wrong sign limit, loops containing down type quarks contribute with a different sign. We have plotted the h → 2γ decay width against the mass of the charged Higgs, and also for different values of the mass of the CP-odd neutral scalar, and found that the decay width can differ from its SM value by up tp 6% for some values of the parameters.
While this paper was being completed, another paper which investigates what we call the reverse alignment limit appeared as an e-print [37] . However, that paper uses fewer constraints, so limits on the masses of ξ ± are less restrictive.
More recently, the ATLAS and CMS collaborations at the LHC have reported an excess corresponding to a diphoton resonance at 750 GeV [38] . We note that according to the naturalness criterion we have used in this paper, this excess cannot be one of the scalar particles in any of the four types of 2HDMs, in agreement with the negative result found in [39] using several other lines of argument.
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